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The production of electroconductive nanofiber membranes made from polylactic acid (PLA) 
coated with polypyrrole (PPy) is investigated, performing a scanning of different reaction 
parameters and studying their physicochemical and dielectric properties. Depending on PPy 
content a transition between conduction mechanisms is observed, with a temperature-dependent 
relaxation process for samples without PPy, a temperature-independent conduction process for 
samples with high contents of PPy and a combination of both processes for samples with low 
contents of PPy. A homogeneous and continuous coating is achieved from 23 wt% PPy, 
observing a percolation effect around 27 wt% PPy. Higher wt% PPy allow us to obtain higher 
conductivities, but PPy aggregates appear from 34% wt% PPy. The high conductivity values 
obtained for electrospun membranes both through-plane and in-plane (above 0.05 S/cm and 
0.20 S/cm, respectively, at room temperature) for the highest wt% of PPy, their porous structure 
with high specific surface area and their thermal stability below 140°C make them candidates 






supercapacitors, sensors, photosensors or polymer electrolyte membrane fuel cells (PEMFCs). 
In addition, the biocompatibility of PLA-PPy membranes expand their potential applications 
also in the field of tissue engineering and implantable devices. 
 
1. Introduction 
Intrinsically conductive polymers (ICPs) were discovered by B. Bolto and D. Weiss[1–5] and 
popularized by Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa[6,7]. They have been 
widely studied during the last decades due to their characteristic physicochemical properties. 
Within this type of materials, polypyrrole (PPy) has been one of the most studied conductive 
polymers due to its high electrical conductivity, long-term ambient stability, good 
biocompatibility, low cost and facile synthesis by chemical or electrochemical 
polymerization.[8–17] PPy has been used for many commercial applications such as 
biosensors[13,18], gas sensors[19,20], microactuators[21], transducers[22], antistatic coatings[23], solid 
electrolytic capacitors[24,25], polymeric batteries[26], solar cells[27,28], wearable electronics[29,30], 
electromagnetic interference shielding[31–33], corrosion protection[8,34,35], etc. In addition, PPy 
has also been applied in fuel cells as catalyst supports for direct methanol fuel cells (DMFCs)[36] 
and proton-exchange polymer electrolyte membrane fuel cells (PEMFCs)[37], as membranes for 
DMFCs[38] and as anodes for microbial fuel cells[39]. Furthermore, PPy has become a widely 
used material in biomedical applications, especially in nerve tissue engineering scaffolds, due 
to its good biocompatibility and high electrical conductivity.[40–43] 
As a common characteristic of ICPs, they are semiconductors with wide bandgaps (electrical 
insulators) in native state and the electrical conductivity is achieved by the incorporation of an 
anionic compound (dopant) into the polymer matrix. In the doping process an electron is 
removed from the valence band (p-doping) or added to the conduction band (n-doping) via 






charge carriers in the form of polarons, bipolarons or solitons that move when subjected to an 
electric field.[17] Different anionic dopants have been studied to improve the electrical 
conductivity of PPy, such as Cl- [44], SO4
2- [44], BF4
- [45],ClO4
- [46,47], dodecylbenzenesulfonate 
(DBS) [48–51], polystyrene sulfonate (PSS) [52,53] and p-toluenesulfonate (pTS) [54–58]. Among all 
the conducting polymers based on PPy, PPy films doped with pTS (PPy/pTS) have been tested 
as valid for practical applications due to their good physicochemical properties and long-term 
stable redox cycling.[59–63] In addition, PPy/pTS films have shown a good ion exchange 
behavior, presenting both cation and anion transporting properties.[54,64–67] This ion exchange 
ability is crucial for many practical applications were PPy/pTS films are used as solid polymer 
electrolytes.  
However, the ion diffusion process in the PPy matrix can be blocked when the PPy films present 
a flat surface with a very compact structure and/or a large thickness, decreasing its 
electrochemical performance.[44,54] Therefore, with the aim of improving the ion exchange rate 
of PPy/pTS composites, the thickness of the material must be reduced, and the specific surface 
area must be increased in order to improve the kinetics of ion exchange. For that reason, in 
recent years the surface of fibers (both natural and synthetic), fabrics or particles has been 
coated with conductive PPy, obtaining new composite materials with a high specific surface 
area that provides a larger interface in sensing, enhances the ionic transportation in electrodes 
and promotes the cell growth in scaffolds.[29,40,75–77,42,68–74] In addition, it must be considered 
that PPy is an intractable and brittle solid with poor mechanical processability, which limits its 
direct application.[14] For that reason, the strategy of coating the surface of other insulating 
polymers with PPy is interesting in order to exploit both the intrinsic electrical conductivity of 
PPy and the better mechanical properties of the insulating host polymer.[14,29,40,42,73,74,78]   
In this study we chose the polylactic acid (PLA) as host polymer of the membranes because it 






to previous studies, the melting peak temperature of PLA is located at around 150-160°C, 
starting to melt for temperatures above 140°C [81,82]. This thermal stability of PLA for 
temperatures below 140°C allows us to use it in almost all the commercial applications[79], while 
its biocompatibility makes it possible to use the membranes in tissue engineering 
applications.[83,84] In order to achieve a high specific surface area of the material, PLA was 
electrospun to obtain nanofiber membranes that present porous structure with small pore size 
and high pore volume fraction. Then, the electrospun-PLA membrane was coated by in situ 
chemical polymerization of pyrrole using ferric chloride (FeCl3) as oxidant and pTS as dopant. 
By performing a scan of the reaction parameters of the PPy coating process we obtained 
membranes with different dielectric properties. A physicochemical and dielectric 
characterization of these PLA-PPy nanofiber membranes allowed us to study the different 
electrical behavior of them as the wt% PPy varies, establishing the range of wt% PPy were the 
coating is homogeneous and continuous and the electrical conductivity that is achieved both 
through-plane and in-plane. This characterization of the membranes will help to choose the 
appropriate reaction parameters for the desired application, as the electrical conductivity can be 
adjusted by varying the reaction parameters. These high conductive membranes may have 
interesting applications in devices where the electrodes are placed both perpendicular to the 
membrane (through-plane) and in the plane of the membrane (in-plane). For the through-plane 
disposition, the membranes can be used as solid, low cost, durable and tunable polymer 
electrolytes for batteries, supercapacitors and fuel cell applications. In addition, the high surface 
conductivity of the membranes for the in-plane disposition, together with the biocompatibility 
of both PLA and PPy, also makes them have potential applications in the field of tissue 
engineering and biomedical implantable devices. 
 







2.1. Preparation of PLA nanofiber membranes 
Random and aligned PLA nanofiber membranes were obtained by the electrospinning 
technique. First, PLA (INGEO 40420 RESINEX) (10% wt%) was dissolved in 
dichloromethane (DCM) / dimethylformamide (DMF) (70/30 v/v) and stirred for 12 hours at 
room temperature. Then, the solution was introduced into a 12 ml syringe with an internal 
diameter of 15.77 mm attached to a precision stainless steel needle with 0.15 mm of internal 
diameter (30G). On the one hand, randomly oriented nanofibers were obtained by applying a 
voltage of 20 kV between the needle tip and the collector, maintaining the flow rate at 4 ml/h 
and collecting the nanofibers during 1 hour on a flat plate wrapped with an aluminium foil 
located 20 cm from the needle tip. On the other hand, aligned nanofibers were obtained by 
applying a voltage of 20 kV between the needle tip and the collector, maintaining the flow rate 
at 3 ml/h and collecting the nanofibers during 1.5 hours on a round plate wrapped with an 
aluminium foil with a diameter of 15.5 cm which centre was located 20 cm from the needle tip 
and that was rotating at 32 rps. These parameters were chosen from preliminary experiments 
carried out to establish the optimal conditions (homogeneous fibers, absence of precipitates, 
etc). 
After electrospinning, PLA membranes were air dried for 2 days and introduced in a desiccator 
with fixed vacuum at room temperature for another 2 days. Finally, PLA membranes were 
introduced between two glass plates subjected to compression and they underwent a tempering 
process consisting of stove heating at 90°C with 100% of ventilation for 15 min and subsequent 
cooling at -20°C for 2 hours. With this tempering process, a stiffening of the PLA membranes 
was achieved, which prevented them from wrinkling when they were introduced into water. 
 






Non-porous PLA membranes were obtained by the casting technique. First, PLA (2% wt%) 
was dissolved in chloroform and stirred for 2 hours at room temperature. Then, the solution was 
casted into a glass petri dish with ratio between the mass of solution that was casted and the 
diameter of the petri dish of 1.5 g/cm. After the casting process, the solution was air dried for 
2 days in order to allow the evaporation of chloroform. Finally, the PLA membrane was dried 
in a desiccator with fixed vacuum at 40°C for 2 days. 
 
2.3. PPy coating 
Electrospun and cast PLA membranes were coated with the conductive polymer PPy via in situ 
polymerization. As a previous step, electrospun membranes were immersed in deionized water 
under compression and a fixed vacuum was applied until they stopped floating and, therefore, 
the introduction of water inside the spaces between nanofibers was achieved, in order to obtain 
a homogeneous coating of all nanofibers, not only the most superficial ones. Next, each PLA 
membrane was put into a polypropylene tube with an aqueous solution of pyrrole monomer (Py, 
Sigma-Aldrich 131709) and sodium para-toluene sulfonate (pTS, Sigma-Aldrich, 152536), 
followed by ultrasonication for 1 min in order to allow the membrane to be saturated with Py 
solution. The membrane was incubated with shaking at 4°C for 1 h. The ratio between the 
membrane area and the final volume of the Py/pTS aqueous solution was 0.6 cm2/ml and the 
different concentrations of Py and pTS that were used are described in Table 1. Then, an 
aqueous solution of ferric chloride (FeCl3, Sigma-Aldrich 157740) was added and incubated 
with shaking at 4°C for 48 h for the polymerization and deposition of polypyrrole (PPy) on the 
PLA membrane. The ratio between the membrane area and the final volume of the FeCl3 
aqueous solution was 0.6 cm2/ml and the different concentrations of FeCl3 that were used are 
described in Table 1. PPy-coated membranes were washed with deionized water with agitation 






washed with pure ethanol during 5 min for two times. Finally, the membranes were dried in a 
desiccator with fixed vacuum at 40°C for 2 days. 
 
Table 1. Reaction parameters used for the PPy coating and mass fraction of PPy for the different 
PLA cast (C) and electrospun (E) membranes. 













C1 CR1 7.0 7.0 19.0 48.0 0.6 ± 0.1 
C2 CR2 14.0 14.0 38.0 48.0 2.0 ± 0.1 
E4 CR1 7.0 7.0 19.0 48.0 4.0 ± 2.0 
E13 CR1.5 10.5 10.5 28.5 48.0 13.0 ± 3.0 
E18 CR2 14.0 14.0 38.0 48.0 18.2 ± 0.7 
E23 CR2.5 17.5 17.5 47.5 48.0 23.0 ± 5.0 
E27 CR3 21.0 21.0 57.0 48.0 27.0 ± 2.0 
E34 CR4 28.0 28.0 76.0 48.0 34.0 ± 4.0 
 
2.4. Characterization of PLA-PPy composites 
 
2.4.1. Porosity and specific surface area of electrospun membranes 
The porosity (𝜋) of electrospun membranes was calculated using Equation 1, where 𝜑𝑃𝐿𝐴 is 






∙ 100          (1) 
 
To obtain 𝜑𝐸𝑀, Equation 2 was applied, where 𝑚, 𝑉, 𝑒 and 𝐴 are, respectively, the mass, the 
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The specific surface area (SSA) of electrospun membranes was calculated following 
Equation 3, where r is the average radius of the nanofibers, 𝑛𝑁𝐹 is the number of nanofibers, 
𝑉1 𝑁𝐹 is the volume of one nanofiber, 𝜑𝑃𝐿𝐴 is the density of PLA as a non-porous film and 𝐿, 



















     (3) 
 
The average radius of nanofibers (r) was considered as 381 ± 80 nm (obtained from FESEM 
images using the ImageJ/FIJI image processing software[85]) and the density of PLA (𝜑𝑃𝐿𝐴) 
was considered as 1.25 g/cm3[86]. 
 
2.4.2. Mass fraction of PPy 
The mass fraction of PPy deposited on PLA electrospun membranes was measured by weighing 
the PLA membranes before and after covering them with PPy using a precision balance (AX205, 
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2.4.3. Morphological characterization by field emission scanning electron microscopy 
(FESEM) 
For the characterization of the surface morphology of membranes, a field emission scanning 






preparation of the samples consisted primarily in a desiccation under vacuum conditions during 
the 24 hours prior to the test to avoid interferences due to evaporated water. Subsequently 
samples were placed on a carbon tape and a carbon bridge was created between the sample and 
the carbon tape. Finally, samples were coated with a thin layer of platinum. The voltage used 
was 2 kV. 
 
2.4.4. Fourier transform infrared spectroscopy (FTIR) analysis 
FTIR spectra of membranes were obtained using a Cary 630 FTIR (Agilent Technologies) in 
the attenuated total reflection mode (ATR). The spectra resulted from averages of 24 scans at 4 
cm-1 resolution, between 400 and 4000 cm-1. Three different samples of each material were 
studied, plotting the most representative curve for each one. 
 
2.4.5. Thermogravimetric analysis (TGA) 
A thermogravimetric analyzer (TGA/SDTA 851 Mettler-Toledo operated using the STARexx 
software) was used to study the thermal degradation and composition of the materials. Samples 
with a mass of approximately 2 mg were processed, monitoring the mass loss while heating up 
to 800°C at a rate of 10°C/min under a positive nitrogen (N2) flow of 20 ml/min. As a result, 
thermograms in which the mass loss of the sample is represented as a function of temperature 
were obtained. Three different samples of each material were studied, plotting the most 
representative curve for each one. The mass fraction of PPy of the different PLA-PPy samples 
was calculated from TGA residues by applying Equation 5. 
 
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑚𝑃𝐿𝐴 ∙ (1 − 𝜔𝑃𝑃𝑦) + 𝑚𝑃𝑃𝑦 ∙ 𝜔𝑃𝑃𝑦      (5) 
 






The complex conductivity and permittivity of the compounds was measured by impedance 
spectroscopy at several temperatures within the 273K (0°C)–333K (60°C) range and 
frequency window 10-1 < f < 107 Hz using a Novocontrol Broadband Dielectric Spectrometer 
(Hundsangen, Germany) integrated with an SR 830 lock-in amplifier with an Alpha dielectric 
interface. The experiments were performed with 100 mV amplitude. The samples were placed 
between two gold electrodes. During the conductivity measurements, temperature was kept 
isothermally or changed stepwise within the entire temperature range controlled by a nitrogen 
jet (QUATRO from Novocontrol) with a temperature error of 0.1K during every single scan 
in frequency. 
 
3. Results and discussion 
 
3.1. PPy coating characterization and morphological properties 
First, we proceeded to cover with PPy non-porous films of PLA created by casting following 2 
different Coating Ratios (CR1 and CR2), as an idealized control without air. Since the amount 
of PPy deposited was very small, the mass fraction of PPy was obtained from the TGA residues 
(Figure S5). As can be seen in Table 1 and Figure S1, using non-porous PLA films entails that 
the mass fraction of PPy deposited on the membranes is very small: 1% for samples coated 
using CR1, hereinafter named as C1 (Casting 1 wt% PPy), and 2% for samples coated using 
CR2, hereinafter named as C2 (Casting 2 wt% PPy). This occurs because the films do not 
present any porosity and, therefore, the PPy is not able to penetrate inside the film and only 
remains on its surface. As can be observed in Figure S1, there is a linear relationship between 
the mass fraction of PPy and the concentration of Py used for the coating. 
From the FESEM images (Figure S2) it can be observed that the Cast PLA film (CPLA) is non-






PPy (C1), a rougher surface is observed due to the presence of PPy. This roughness increases 
when the mass fraction of PPy rises to 2 wt% (C2), forming PPy aggregates. 
Next, we proceeded to cover with PPy the electrospun membranes of PLA following 6 different 
coating ratios (CR1, CR1.5, CR2, CR2.5, CR3 and CR4). Since the amount of PPy deposited 
was sufficiently large, the mass fraction of PPy was obtained by weighing the membranes 
before and after their coating with PPy. As can be seen in Table 1 and Figure 1, using 
electrospun membranes instead of non-porous films entails that the amount of PPy deposited is 
much higher, becoming 4 times higher for CR1 and 9 times higher for CR2, thanks to the greater 
specific surface area and porosity of electrospun membranes (specific surface area of 
4.2 ± 0.9 m2/g and porosity of 67 ± 3%). Electrospun membranes with both random and aligned 
orientation of the nanofibers were coated with PPy, without observing significant differences 
in the amount of PPy deposited. As can be observed in Figure 1, there is a linear relationship 
between the mass fraction of PPy and the concentration of Py used for the coating. 
From the FESEM images of electrospun membranes with random orientation of the nanofibers 
(Figure 2) it can be observed that the Electrospun-PLA membrane (EPLA) presents nanofibers 
with a flat and smooth surface. However, when the PLA nanofibers are coated with different 
amounts of PPy, changes appear in their surface morphology. When the mass fraction of PPy 
is low (Electrospun membranes with 4 wt% PPy (E4), 13 wt% PPy (E13) and 18 wt% PPy 
(E18), coated using CR1, CR1.5 and CR2, respectively), the layer of PPy deposited on the 
nanofibers of PLA is not homogeneous and presents discontinuities, so that there are 
accumulations of PPy isolated from each other. These discontinuities in the PPy coating are 
more significant for the samples with the least amount of PPy (E4), causing the deposited PPy 
mass fraction to move significantly away from the linear trend followed by the other samples 
as the Py concentration increases (Figure 1B). For an intermediate mass fraction of PPy 






and CR3, respectively), the layer of PPy deposited on the nanofibers of PLA is continuous and 
homogeneous, without aggregates of consideration. Here all the PPy is in contact with each 
other, without forming isolated accumulations. Finally, when the mass fraction of PPy is high 
(Electrospun membranes with 34 wt% PPy (E34), coated using CR4), the continuous and 
homogeneous coating is maintained but aggregates of PPy are formed. 
The detail of a cross-section of the PPy coating is indicated by an arrow in Figure S3 for E23, 
where the coating is continuous and homogeneous without forming PPy aggregates. An analysis 
of the image allows to know the thickness of the PPy coating, which is around 100 nm. 
The same effect of PPy coating seen before for electrospun membranes with a random 
orientation of the nanofibers can be observed for electrospun membranes with an aligned 
orientation of the nanofibers (Figure 3). Low mass fractions of PPy entail an inhomogeneous 
coating of the nanofibers (E4 and E18), with chipping and with areas not covered with PPy. 
However, higher concentrations (E27 and E34) achieve a homogenous and continuous coating 
of the nanofibers. The highest concentration (E34) also presents PPy aggregates. 
 
3.2. Fourier transform infrared spectra (FTIR) 
First, cast-PLA films (CPLA) and electrospun-PLA membranes (EPLA) were analyzed and 
characteristic peaks corresponding to PLA were observed: 2995 cm-1 (-CH3 asymmetric 
stretching), 2944 cm-1 (-CH3 symmetric stretching), 1752 cm
-1 (C=O stretching), 1181 cm-1 (C-
O-C stretching) and 1084 cm-1 (C-O stretching). [87,88] These characteristic peaks of PLA are 
indicated in Figure 4A for EPLA. Powder of pure PPy doped with pTS (PPy) was also analysed 
and peaks corresponding both to PPy and pTS appeared (Figure 4B). PPy characteristic peaks 
where found at 3375 cm-1 (N-H bond), 1643 cm-1 (C=C bond), 1532 cm-1 and 1451 cm-1 
(fundamental vibrations of PPy ring), 1291 cm-1 (C-H deformation) and 773 cm-1 (C-N bond) 






1126 cm-1 (stretching vibration of -SO3
- groups), 1010 cm-1 (S=O stretching vibration of -SO3
- 
groups), 812 cm-1 (C-H stretch of the para-positioned -CH3 group), 676 cm
-1 (C-H out-of-plane 
bending vibration) and 563 cm-1 (benzene ring C-C vibrations)[66]. 
Then, the presence of the PPy coating on PLA-PPy composites was corroborated by FTIR 
(Figure S4 for cast films and Figure 5 for electrospun membranes). As can be observed, both 
cast PLA-PPy films and PLA-PPy electrospun membranes maintain the characteristic peaks of 
PLA (2995 cm-1, 2944 cm-1, 1752 cm-1, 1181 cm-1 and 1084 cm-1, marked with green vertical 
lines), even though their intensity decreases as the amount of PPy increases. Regarding the PPy 
and pTS characteristic peaks, some of them are hidden by PLA peaks, but others are clearly 
visible (marked with red and blue vertical lines for PPy and pTS, respectively). For both cast 
and electrospun PLA-PPy composites, the peak corresponding to the fundamental vibration of 
the PPy ring at 1532 cm-1 is clearly visible, but slightly shifted towards higher wavelengths as 
the amount of PPy decreases. For PLA-PPy electrospun membranes with a higher content of 
PPy (above 23 wt%), the PPy characteristic peaks at 1291 cm-1 and 773 cm-1 are also visible. 
Regarding the pTS characteristic peaks, those located at 676 cm-1 and 563 cm-1 are clearly 
visible both for cast and electrospun PLA-PPy samples, while the peak located at 1010 cm-1 is 
visible for PLA-PPy electrospun membranes with a higher amount of PPy. As the mass fraction 
of PPy increases in the samples, the intensity of the peaks corresponding to the PLA decreases, 
while the intensity of the peaks corresponding to the PPy and pTS increases, indicating the 
greater presence of PPy and pTS on the surface of PLA nanofibers. 
 
3.3. Thermogravimetric analysis (TGA) 
The degradation temperature and thermal stability of PLA, PLA-PPy and PPy samples, as well 
as the presence of the PPy coating on PLA-PPy materials was studied by a thermogravimetric 






170°C can be observed for C2 that does not occur for either CPLA or for C1, indicative of the 
higher presence of PPy. The study of the TGA residues shows that, although the amount of PPy 
deposited on the PLA film is small, it is enough to observe a greater residue as the amount of 
PPy increases. These residues were used to obtain the mass fraction of PPy present on PLA-
PPy cast films applying Equation 5. 
Regarding the electrospun membranes (Figure 6), a first mass loss between 50°C and 100°C is 
observed for PLA-PPy composites that increases as more PPy contains the sample. As 
previously observed for pTS doped PPy, this is mainly due to evolution of adsorbed pTS and 
H20.
[90] It has also been observed that the thermal decomposition of pTS doped PPy starts above 
180°C[90], leading to the increased mass loss that can be observed for the PPy curve above this 
temperature. This leads to the mass loss observed for the PLA-PPy composites above this 
temperature, which increases proportionally to the amount of PPy present in the samples. A 
delay in thermal degradation can also be observed as more PPy contains the sample. For 
example, EPLA and E4 suffer the loss of 30% of their mass at 350°C, while E34 suffers it at 
360°C. This indicates that the PPy coating of PLA nanofibers is continuous and homogeneous, 
being thicker as the mass fraction of PPy increases. 
The study of TGA residues of PLA-PPy electrospun membranes clearly indicates the presence 
of the PPy coating, since the residues increase as more PPy contains the sample. These residues 
were used to obtain the samples composition by applying Equation 5. When we compared the 
mass fraction of PPy obtained by TGA residues with the one obtained by weighing the samples 
before and after covering them with PPy (Figure S6), an oversizing of 50% of the mass fraction 
of PPy when using TGA residues. It could be produced by a greater retention of PLA volatiles 
by the PPy coating, so the extra residue is formed by both PLA and PPy and not only by PPy. 
 






The electrical behavior of PLA-PPy materials was studied for both through-plane and in-plane 
applications. 
 
3.4.1. Through-plane electrical measurements 
Electrospun membranes with a random orientation of the nanofibers (E4, E13, E18, E23, E27 
and E34) were studied for through-plane applications. Cast films (C1 and C2) through-plane 
electrical behavior was also studied as a control without air. Through-plane electrical behavior 
was studied by electrochemical impedance spectroscopy (EIS). 
 
PLA-PPy cast films 
EIS measurements were carried out on PLA (CPLA) and PLA-PPy (C1 and C2) cast films in 
dry conditions at several temperatures to obtain the conductivity of the samples. The 
experimental data were analyzed in terms of the complex dielectric permittivity function, 
𝜀∗(𝜔, 𝑇) , and the complex conductivity 𝜎∗(𝜔, 𝑇) = 𝑗 ∙ 𝜔 ∙ 𝜀0 ∙ 𝜀
∗(𝜔, 𝑇)  where 𝑗  is the 
imaginary unity, 𝜀0  is the vacuum permittivity and 𝜔 the angular frequency of the applied 
electric field (𝜔 = 2 ∙ 𝜋 ∙ 𝑓). 
Figure 7 presents the spectra of the real and imaginary part of the complex permittivity, Ɛ’ and 
Ɛ”, respectively, for each one of the samples at different temperatures in the interval from 0°C 
to 60°C. Different behavior is observed when we compare the PLA sample with the PLA-PPy 
samples with different mass fractions of PPy (1% and 2%). We can observe a decreasing of 
effective permittivity as frequency increases. This is because at low frequencies the dipoles that 
are formed and the charges in the polymer chains can follow the electric field below the 
electrode polarization (EP) effect, but when the frequency increases both dipoles and polymer 
chains have more difficult to follow the electric field and then the effective permittivity 






membranes varies with temperature between 6.5 at 0°C to 7.2 at 60°C, for the PLA-PPy 
membranes it is practically independent of temperature, being around 3.7 and 6.4 for C1 and 
C2, respectively. 
Regarding the loss permittivity, Ɛ”, it presents a relaxation process for CPLA and C1 films 
when the temperature approaches to the glass transition temperature (Tg) of PLA. However, 
when the amount of PPy increases in the matrix of PLA (C2), the relaxation disappears because 
the conduction process generated inside the membrane is dominant in comparison with the 
polymer relaxation. The analysis of this relaxation process allows us to observe that it starts at 
45°C, so the relaxation is not noticeable below this temperature, at least in the range of 
frequencies studied. 
The dielectric spectra were fitted using a Havriliak-Negami function given by Equation 6. 
 
ε∗ = ε∞ +
∆ε
[1+(jωτ)α]β
          (6) 
 
In Figure 8 we can see an example of the fitting. The values of the parameters for the 
temperatures where the relaxation is present are plotted in Figure 9A. From this plot we can 
see for CPLA that 𝜀∞, α and β are constants, while  increases slightly with temperature. 
Moreover, the relaxation peaks shift with the increase in temperature towards higher 
frequencies. There is a characteristic frequency for each temperature for CPLA, showing that 
the relaxation time decreases as temperature increases (Figure 9B). 
Figure 9A also shows the variation of the fitting parameters with temperature for the sample 
C1. In our sample we have obtained that 𝜀∞, α and β are constants being the values of 𝜀∞ and 
α smaller than the CPLA ones. From Figure 9B, we observe for C1 that the incorporation of 
PPy produces an additional relaxation process with a relaxation time that is practically 






temperature-dependent relaxation processes previously observed for CPLA. Such relaxations 
observed in CPLA and C1 films at sub-Tg temperatures usually originate from molecular 
motions that are restricted to the scale of few bond lengths. 
The bulk conductivity was obtained from the Bode diagrams in the interval of temperatures 
from 0°C to 60°C. Figure 10 shows the Bode diagrams of the CPLA, C1 and C2 samples. For 
CPLA we observe the behavior of a pure capacitor, as the conductivity increases linearly with 
the frequency with a slope practically equal the unit, and the phase angle is between -85° and -
90°. A similar behavior is observed for C1. 
For the other samples (CPLA and C1) the behavior is, in agreement with our results, completely 
capacitive. Moreover, the capacity of the samples is dependent of the temperature. For example, 
for CPLA the capacity increases from 30pF at 0°C to 55pF at 60°C, however at 40°C we can 
observe a behavior at low temperatures where the capacity is practically constant, and an abrupt 
change of slope at 40°C increasing the capacity from 31pF to 55pF. For the sample C1 we can 
observe an increasing from 34pF at 0°C until 38pF at 40°C, to then decrease until 29pF at 60°C. 
Finally, for the sample C2 the capacity increase with temperature from 40pF at 0°C until 51pF 
at 60°C. For such sample we also observe a similar increasing around 35°C. 
However, when the mass fraction of PPy increases, such is the case of the sample C2, the spectra 
reveals that the real part of the conductivity increases with the frequency and tends to a constant 
value when the phase angle, 𝜑, reaches a maximum, for each temperature. We also can observe 
that in the range of high frequencies the conductivity varies linearly (slope ~ 1) with the 
frequency, following a capacitive behavior. The length of the plateau in the Bode diagram of 
C2 increases as temperature increases until a critical frequency fc dependent on temperature is 
reached, at which log ǀ𝜎ǀ collapses along a straight line with a slope equal to 1. This is a typical 
behavior of a parallel R0C circuit, where at high frequencies the modulus of the impedance can 
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From the straight line of the plot of log ǀZǀ vs. log 𝜔, we can obtain from the intercept the 
capacity of the sample. On the other hand, at low frequencies where 𝜔𝐶<<1, the limit of 
Equation 7 is the bulk resistance (R0). This resistance is related with the DC-conductivity 
through 𝜎 = 𝐿/(𝑅0𝐴) , being L and A the sample thickness and surface area sandwiched 
between the two electrodes, respectively. At the same time the phase angle increases from -90° 
to -5°. However, above the critical frequency, 𝑓𝑐 = 𝜔𝑐/2𝜋 , being 𝜔𝑐 ≥ 1/(𝑅0𝐶) , the 
impedance is completely capacitive and ǀZ*()ǀ  𝜔−1, in agreement with the results shown 
for C2. 
The DC-conductivity of the sample C2, 𝜎𝐷𝐶 , can be extracted from the plateau in the moderate 
frequency range (Figure S7), reaching a conductivity value of 4.6·10-9 S/cm when setting the 
frequency at 15.4 Hz and the temperature at 30ºC. Furthermore, the frequency value where the 
plateau is reached is shifted to higher frequencies by increasing the temperature, as consequence 
of the thermally activated nature of the charge transport. However, at moderate and low 
frequencies the conductivity decreases from 𝜎𝐷𝐶 . The deviation from the plateau is attributed 
to the electrode polarization resistance, which results from the blocking of charge carriers at the 
electrodes.[91–96] 
 
PLA-PPy electrospun membranes 
In this case the EIS measurements were carried out on PLA (EPLA) and PLA-PPy (E4, E13, 
E18, E23, E27 and E34) electrospun membranes with a random orientation of the nanofibers in 
dry conditions at different temperatures (0°C to 60°C) in order to obtain information about the 






the corresponding Bode diagrams, where variations of the conductivity with the frequency for 
all the PLA and PLA-PPy electrospun membranes are shown in Figure 11 (EPLA, E4, E13 and 
E18) and Figure S8 (E23, E27 and E34). A close inspection of these figures shows that, in the 
case of EPLA, a plateau of the real part of the conductivity is not observed, presumably, because 
it is at very low frequencies, outside the range of measurement of our experiments, showing a 
dielectric behavior of PLA membranes. For such PLA membranes, our results show straight 
lines with slope ca. 1, indicating that the material is purely capacitor, where the values of the 
geometrical capacitance (C) are around 40pF. For PLA-PPy membranes with a content in PPy 
equal to 4%wt (E4), we observe that the conductivity is practically constant in the range of 
frequencies between 0.1 Hz and 103 Hz, depending of temperature, showing a cut-off frequency 
where it starts increasing linearly with the frequency, as if the sample was a capacitor. However, 
when the mass fraction of PPy is greater or equal to 13%wt (E13, E18, E23, E27 and E34), the 
real part of the conductivity is constant for all range of frequencies (0.1 Hz to 106 Hz), meaning 
that the impedance has only a resistive contribution and its value represents the electrical 
conductivity of the nanocomposite. This behavior is the typical demeanor of a conductive 
material. 
A quantitative analysis of the conductivity with temperature for the PLA-PPy nanocomposites 
can be observed in Figure 12. A comparison between the different nanocomposites shows that 
the conductivity (𝜎𝐷𝐶) is a function of the amount of PPy that we have incorporated on the 
surface of the nanofibers of PLA, so the conductivities increase when the amount of PPy 
increases (Figure 12A and 12C), observing an Arrhenius behavior for all the nanocomposites 
(Figure 12A). For example, the conductivities obtained from the Bode diagrams at 30°C with a 
fixed frequency of 15.4 Hz were 1·10-11 S/cm, 6.3·10-9 S/cm, 2.7·10-3 S/cm, 3.5·10-3 S/cm, 
9.6·10-3 S/cm, 3.9·10-2 S/cm and 5.2·10-2 S/cm for EPLA, E4, E13, E18, E23, E27 and E34, 






combination of an insulting polymer and PPy is employed in order to obtain electrically 
conductive electrospun membranes, where similar conductivities are obtained.[41,97,98] A similar 
trend is observed for all the range of temperatures, but with an increase in conductivity (Figure 
12C). This suggests that the interaction between the ions and the nanofiber polymer matrix may 
play an important role in determining the relationship between the ionic transport and the 
structural relaxation in terms of the temperature and PPy incorporated to the composite. 
If we compare these conductivity values with those obtained for cast membranes (C1 and C2) 
we observe that, for a coating ratio of 1 (CR1), a conductivity value of 5.46·10-11 S/cm is 
achieved for cast films, while a conductivity value of 6.3·10-9 S/cm is achieved with electrospun 
membranes (115 times higher). The same trend is observed with the coating ratio 2 (CR2), since 
4.6·10-9 S/cm are achieved with non-porous films and 3.5·10-3 S/cm are achieved with 
electrospun membranes (more than 7.6·105 times higher). 
Therefore, a greater conductivity is achieved when using electrospun membranes instead of 
non-porous films for the same coating parameters thanks to the greater specific surface area and 
greater porosity of electrospun membranes. They allow a greater PPy deposition as well as a 
simpler entry of PPy to the core of the material, connecting the two external surfaces of the 
membrane with PPy. The improved electrical behavior of electrospun membranes is also 
observed for the activation energy (Figure 12B), which is almost 6 times higher for C2 than for 
E18 (cast and electrospun samples coated with CR2). A lower activation energy is indicative 
of a greater ease of transport of electric charges. 
In order to calculate the intrinsic conductivity of PPy, we proceeded to divide the apparent 
conductivity values between the volumetric fraction of PPy (Figure 12D), which was obtained 
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This allows us to observe a percolation effect from E27, so the conductivity for E34 does not 
increase, as it does with the values of apparent conductivity, and remains constant with an 
approximate value of 0.17 S/cm for a frequency of 15.4 Hz and a temperature of 30°C, which 
is consistent when compared with the DC conductivity obtained for pure PPy in other 
studies.[99,100] This is indicative that from 27 wt% PPy there is a perfect continuity between the 
PPy grains. The homogeneity and continuity of the PPy coating can also be observed with the 
activation energy (Figure 12B), since it decreases as the mass fraction of PPy increases, until it 
stabilizes for the higher contents of PPy. 
 
3.4.2. In-plane electrical measurements 
Electrospun membranes with an aligned orientation of the nanofibers (E4, E18, E27 and E34) 
were studied for in-plane applications. In-plane electrical behavior was studied by measuring 
superficially the circulating electric current (DC) when applying a known voltage. This allowed 
us to calculate the apparent surface electrical resistance of the materials (R) by Ohm's law, 
normalizing by the distance between contacts (l), at room temperature (Figure 13A). As can be 
observed, the effect of the amount of PPy deposited on the surface of the PLA membrane is 
very remarkable, so the surface electrical resistance of the materials decreases following a 
potential function when the wt% PPy increases. 
In addition, after measuring the cross section of the membranes (S), the in-plane apparent DC-












As can be observed in Figure 13B, there is a relationship between the electrical conductivity 
and the mass fraction of PPy very similar to that obtained for through-plane measurements 
(Figure 12C). The conductivity increases rapidly and practically linearly from 20 wt% of PPy, 
having very small conductivities for PPy mass fractions below this value. The in-plane 
conductivity values are approximately 4 times higher than those measured through-plane. This 
means that the charge carriers find less resistance when traveling superficially than when 
travelling across the material. In addition, the aligned disposition of the nanofibers aims to 
improve the conductivity for in-plane applications. 
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As can be observed in Figure 13C, a behavior like that previously observed for the through-
plane measurements (Figure 12D) was obtained. There is a percolation phenomenon from 27 
wt% PPy, indicating a perfect continuity between PPy grains from this mass fraction value of 
PPy. The PPy conductivities obtained in-plane are approximately 6 times higher than those 
obtained through-plane, following the trend observed with the apparent conductivities. 
 
4. Conclusions 
In this work, both non-porous films and electrospun membranes made of PLA were coated with 
different mass fractions of PPy. Its physicochemical and dielectric characterization allowed us 
to conclude that the use of nanofiber membranes entails a greater PPy deposition due to their 
greater specific surface area and porosity, leading to higher conductivity values. The dielectric 






conduction mechanisms depending on PPy content. While for samples without PPy a 
temperature-dependent relaxation process appeared as the temperature approached to the glass 
transition temperature of PLA, for samples with a high content of PPy a temperature-
independent conduction process was present, hiding the polymer relaxation. For samples with 
a low content of PPy, an intermediate behavior was observed, with a combination of both 
processes. Both FESEM and EIS analysis allowed us to conclude that a continuous and 
homogeneous coating of PLA nanofibers with PPy is achieved from 23wt% PPy. We can also 
conclude that the electrical conductivity of PLA-PPy electrospun membranes depends directly 
on the amount of PPy deposited on the PLA nanofibers. Therefore, greater conductivities are 
achieved as wt% PPy increases where a percolation effect was observed around 27 wt% PPy 
for E27 membranes, reaching conductivity values above 0.05 S/cm for through-plane 
applications and above 0.20 S/cm for in-plane applications for the highest wt% PPy. This 
indicates that from threshold percolation there is a perfect continuity between the PPy grains. 
The high conductivity values obtained both through-plane and in-plane for PLA-PPy 
electrospun membranes confirm its possible application both in systems where the electrodes 
are located perpendicular to the membrane and in applications where the electrodes are in the 
plane of the membrane. This, in combination with its high specific surface area, high porosity 
and thermal stability for temperatures below 140°C allows its application with the through-
plane disposition as solid, low cost, durable and tunable polymer electrolytes in applications 
such as PEMFCs, batteries, supercapacitors, sensors and photosensors. Likewise, the high 
surface conductivity of the membranes for the in-plane disposition, together with the 
biocompatibility of both PLA and PPy, extend the applications of these electrically conductive 
membranes to other fields such as tissue engineering and biomedical implantable devices. 
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Figure 1. A: From left to right, macroscopic images of PLA (EPLA) and PLA-PPy (E4, E13, 
E18, E23, E27 and E34) electrospun membranes. B: PPy mass fraction of electrospun 
membranes for the different Py concentrations used in the coating process. A linear relationship 









Figure 2. FESEM images of PLA (EPLA) and PLA-PPy (E4, E13, E18, E23, E27 and E34) 
electrospun membranes with a random orientation of the nanofibers. EPLA: Smooth surface. 
E4 and E13: Inhomogeneous coating with discontinuities. E18: More homogeneous coating, 
but still with some discontinuities. E23 and E27: Homogeneous coating without aggregates. 









Figure 3. FESEM images of PLA (EPLA) and PLA-PPy (E4, E18, E27 and E34) electrospun 
membranes with an aligned orientation of the nanofibers. EPLA: Smooth surface. E4: 
Inhomogeneous coating with discontinuities. E18: More homogeneous coating, but still with 














Figure 4. FTIR spectra of electrospun-PLA membrane (EPLA), as well as pure PPy doped with 






Figure 5. FTIR spectra of PLA (EPLA) and PLA-PPy (E4, E13, E18, E23, E27 and E34) 
electrospun membranes, as well as pure PPy. Green, red and blue vertical lines indicate the 













Figure 6. TGA of PLA (EPLA) and PLA-PPy (E4, E13, E18, E23, E27 and E34) electrospun 
membranes, as well as pure PPy. 
 
 
Figure 7. Real and imaginary part of the complex permittivity, Ɛ’ and Ɛ’’, respectively, for PLA 









Figure 8. Deconvolutions of the real and imaginary part of the complex permittivity at 55°C 





Figure 9. A: Values of the parameters ∆𝜀 , 𝜀∞ , 𝛼  and 𝛽  for the temperatures where the 
relaxation is present for the PLA (CPLA) (solid) and PLA-PPy (C1) (open) cast films. B: 



























Figure 12. Through-plane electrical characterization of PLA-PPy composites. A: Arrhenius 
plot for the DC conductivity obtained from the Bode diagrams for CPLA, C1, C2, EPLA, E4, 
E13, E18, E23, E27 and E34 (frequency = 15.4 Hz). B: Activation energy for C2, E4, E13, E18, 
E23, E27 and E34 (frequency = 15.4 Hz, temperature = [0, 35] °C). C: Electrical conductivity 
vs. mass fraction of PPy for PLA-PPy electrospun membranes. D: PPy electrical conductivity 




Figure 13. In-plane electrical characterization of PLA-PPy electrospun membranes (E4, E18, 
E27 and E34) at room temperature. A: Surface resistance normalized by the distance between 
contacts. B: Electrical conductivity vs. mass fraction of PPy. C: PPy conductivity vs. mass 








Figure S1. A: From left to right, macroscopic images of PLA (CPLA) and PLA-PPy (C1 and 
C2) casting films. B: PPy mass fraction of casting films for the different Py concentrations used 






Figure S2. FESEM images of PLA (CPLA) and PLA-PPy (C1 and C2) casting films. A flat 
and smooth surface without porosity can be observed for CPLA, while a rougher surface is 









Figure S3. Detail of E23 showing a cross-section of the PPy coating, with a thickness of the 






Figure S4. FTIR spectra of PLA (CPLA) and PLA-PPy (C1 and C2) casting films, as well as 









Figure S5. TGA of PLA (CPLA) and PLA-PPy (C1 and C2) casting films, as well as pure PPy. 





Figure S6. Mass fraction of PPy in function of the Py concentration used for the coating 
obtained by two different methods: weighing the electrospinning membranes before and after 
the PPy coating (in blue) and using the TGA residues (in red).  There is an oversizing of 50% 
of the mass fraction of PPy when using TGA residues that could be produced by a greater 







Figure S7. Electrical conductivity vs. mass fraction of PPy for PLA (CPLA) and PLA-PPy (C1 




Figure S8. Bode diagram for PLA-PPy (E23, E27 and E34) electrospinning membranes. 
 
